At Los Alamos National Laboratory (LANL), a high-speed, four-wavelength, infrared (IR) pyrometer has been used for surface temperature measurements in shock-physics experiments for several years. The pyrometer uses solidstate detectors and a single fiber-optic cable for transmission of light from the target surface to the detectors. This instrument has recently been redesigned for an upcoming experiment at the Nevada Test Site (NTS). Three different IR detectors (two HgCdTe variants as well as the existing InSb chip) were compared for sensitivity, signal-to-noise ratio, and bandwidth. Of major concern was detector amplifier recovery time from overload saturation. In shockphysics experiments, a short but very bright precursor frequently accompanies shock breakout (often from trapped air). This precursor can saturate the amplifier and may "swamp-out" the signal of interest before the amplifier recovers. With this in mind, we evaluated two new amplifier designs by the Perry Amplifier Company for linearity, signal-to-noise characteristics, gain, and saturation recovery time. This paper describes experimental setup for detector comparison and results obtained. Furthermore, we discuss new amplifier design and suitability for highspeed infrared pyrometry in shock physics experiments.
INTRODUCTION
Los Alamos National Laboratory routinely performs shock physics experiments to constrain the equation-of-state (EOS) for different materials. Aside from pressure, temperature is one of the most important parameters measured in these experiments. Efforts are also underway to measure the temperature at the Hugoniot pressure region inside a target sample. 1 Previously pyrometry was the only well-established way to determine temperatures in shock physics experiments.
Several years ago, a solid-state, four-channel, single-fiber, high-speed, IR pyrometer was developed and fielded at LANL's Physics Division. 2 However, for an upcoming experiment at the NTS, this instrument must be redesigned to be smaller overall (due to space constraints) and to avoid using liquid nitrogen to cool the detectors (due to the instrument's inaccessibility for long periods before the experiment). As dictated by the scope of the design parameters, we sought the latest technology in infrared detectors and fast amplifiers. (The temperatures of interest are in the 500-1000K region, which corresponds to infrared wavelengths in the 2-to 5-µm region. For more details on pyrometry, see DeWitt and Nutter.
3 )
1.1
Detector requirements To be considered as a high-speed pyrometer for shock physics applications, detectors must fulfill the following requirements:
High speed: Due to the short duration (hundreds of nanoseconds to several microseconds) and fast signal rise-time (nanoseconds) of shock physics experiments, detector bandwidth should be as high as possible.
Linearity:
In order to calculate a radiance temperature from the measured pyrometer signal, the detector/amplifier combination should be linear over the full dynamic range. Otherwise, the pyrometer must be calibrated in a very time-consuming way, thus greatly complicating data reduction. High sensitivity: As mentioned above, temperatures of interest are sometimes as low as 500K. Surfaces at this temperature emit thermal radiation of very low intensity. Detecting thermal radiation at these temperatures requires high detector sensitivity. Low noise: Detector noise contributes the highest uncertainty at low temperatures; hence, a high signal-to-noise ratio is desirable for pyrometric detectors used in low-temperature applications. High dynamic range: The thermal radiation emitted by hot surfaces can be described by Planck's law. This law shows that radiance increases exponentially with (absolute) temperature. Only if the dynamic ranges of the detectors and amplifiers are sufficiently high can a reasonable temperature range be covered. Reproducibility/thermal stability: To determine the temperature of a hot surface, the emitted radiance is compared to the radiance of a surface at a known temperature (a blackbody radiator). This calibration is often very difficult and time-consuming, and it can usually only be performed once for each experimental series, which often lasts for several weeks. Conditions (mainly the temperature of the environment in which experiments are conducted) can change over this period. Therefore, the detectors need low temperature dependence and high temporal stability.
1.2
Amplifier requirements For the same reasons mentioned above, the amplifiers must be fast (high bandwidth), low-noise, linear, and able to perform over a high dynamic range. An additional problem in shock physics experiments is that at the time of shock breakout, a short (some 10-to 100-ns), bright flash can occur, as shown in Figure 1 . (These flashes are most commonly caused by air lighting up, surface contamination, jets at target edges, or ejecta.) Sometimes these flashes are bright enough to drive the amplifier and/or detector into saturation, which can lead to the charging of internal capacitance with a relatively large time constant (up to several µs). In this case, the experiment is over before the amplifier recovers from this overload situation (see Figure 2) , and no meaningful data is recovered. Shock physics experiment designers attempt to eliminate the cause of these flashes at shock breakout. As this cannot be accomplished every time, amplifiers should be designed to recover within a reasonable time (depending on experiment duration) from these overload conditions.
COMPARISON METHODOLOGY

Detector comparison
The existing pyrometer uses indium antimonide (InSb) detectors from Judson Technology, Inc. 5 The InSb chips have 1-mm-diameter circular active areas housed in an evacuated environment. The housings themselves are contained within liquid nitrogen dewars used to maintain a constant temperature of 77K, to keep "dark noise" at a minimum. A broadband antireflective-coated silicon window on the dewar is used in front of the detector to filter visible background light. These detectors were compared to a mercury-cadmium-telluride (MCT) detector from Fermionics 6 and another MCT detector from Kolmar Technologies, Inc., 7 borrowed from Daniel Dolan at Sandia National Laboratories.
The detector comparison began with the setup shown in Figure 3 . In order to preserve the emissive characteristics of the blackbody source and to avoid chromatic aberration, off-axis parabolic mirrors were used to focus the radiant energy onto the detectors' active areas (underfilled). A chopper wheel provided an amplitude contrast of detector output. The blackbody temperature was stepped up from 100ºC to 1100ºC at 50ºC intervals. After the blackbody temperature was allowed to stabilize at each step, the output of the detector/amplifier combinations was measured on an oscilloscope. Separate measurements were taken, each with one of two filters having center transmission wavelengths of 1.76 µm and 4.50 µm for each detector. These filters were chosen because the wavelengths in question have importance in mid-IR pyrometer experimentation. Therefore, the detectors' response at these wavelengths would be directly applicable to the design of the final, compact, solid-state pyrometer. The oscilloscope signal appeared as a roughly square-wave pulse train that increased in amplitude as temperature increased, until detector saturation occurred (well before 1100ºC when no filters were used). We then saved the scope data to spreadsheet files and plotted graphs (see Figs. 5-8) . Amplifier comparison The amplifiers used to enhance detector signals require a two-stage design: an initial transimpedance amplifier that allows for maximum bandwidth and power transfer, and a final voltage amplifier (usually with a fixed gain). Three different amplifiers made by the Perry Amplifier Company 8 were compared: one used in the existing pyrometer, one comparable but with greater bandwidth, and one with capacitive coupling between the transimpedance and output stages.
In order to examine the recovery characteristics of each amplifier without the accompanied detector response to taint the results, current was injected into the amplifiers both directly and through an RC network used to simulate output impedance (see Figure 4) . The current source was a pulse generator with high-impedance outputs. The amplifiers' output impedance was matched to 50 . Pulse amplitude was increased until saturation occurred, then taken beyond this point to examine the effects. Pulse width was varied as well, and the results were documented. 
COMPARISON DATA
3.1
Detector comparison data Figure 5 shows the relative speed of each detector. All detectors were measured with the same pulse width and amplitude from a 1.55-µm laser diode source. The same amplifier was used for each. Clearly the Judson InSb detector had the fastest response of the three detectors evaluated. The elongated signal decay of the Fermionics MCT may derive from the detector's inclusion of a built-in, reverse-protection diode that may add stray capacitance. The top graphs in Figure 7 show inherent detector noise with no incident radiation on their surface ("dark noise"), and the bottom graphs show the effective temperature error caused by that noise. The bottom plots were made from the outputs of both detectors in unsaturated states with continuous radiant input. No comparison was made to the Kolmar MCT for the same reason as cited above re: Figure 6 . Clearly, the high bandwidth and dynamic range of the Judson InSb contribute to a noisier environment. Figure 8 illustrates the "noise equivalent temperature," or the temperature error caused by detector noise throughout the range of measured temperatures. Again, the Fermionics MCT is less noisy than the Judson InSb. Note that the signal-to-noise ratio increases with temperature as radiance (input signal) increases and noise remains constant. 
3.2
Amplifier comparison data No significant effect was seen on recovery time and bandwidth, either with or without the RC impedance-matching network. Therefore, we did not compare its effects in this report. All measurements shown were made with the RC network. Figure 9 shows the relative speed of each amplifier using a fast rise-time pulse generator. The New Amplifier #1 shows a slight improvement over the Old Amplifier. The signal from New Amplifier #2 is inverted by its output stage electronics. It shows a slow roll-off but no overshoot. Figure 10 plots the saturation and recovery characteristics of each amplifier. The blue waveform in each plot is the injected pulse input. The New Amplifier #1 shows a marked improvement in recovery time over the Old Amplifier. New Amplifier #2 shows the best recovery time and no overshoot, though it did exhibit nonlinear characteristics. The waveform for New Amplifier #2 has been inverted in software for comparison purposes.
The amplifiers were taken well beyond initial saturation to examine their recovery characteristics. An increase in the input pulse width and/or pulse amplitude increased recovery time. Figure 11 illustrates the effect of total charge (current × time) on amplifier recovery time between the Old Amplifier and New Amplifier #1. The new amplifier design shows a faster recovery from excess input charge conditions. 
CONCLUSIONS
Detectors
For high-speed applications, the Judson InSb detector is the clear choice. It exhibits the fastest response, the best sensitivity, and the greatest dynamic range. However, where noise is the greatest issue, the Kolmar MCT could be the best option, especially for low-temperature measurements in which noise can be the dominant signal. We discussed the possibility of adjusting an MCT's detector chemistry (semiconductor composition) to increase its response time and peak wavelength sensitivity, 5 thus effectively yielding the best of both worlds.
Amplifiers
The new amplifier designs recovered faster from saturation than the old one. However, they were still too slow to recover from the type of major shock breakout flash that can occur. One possible solution is the use of a peak detection "clipper" circuit that would either shunt excess charge or effectively "crowbar" transimpedance amplifier output before critical saturation could occur.
